[1] The impacts of historical land use changes on the Swiss Plateau on the summer climate were investigated. The land use changes consist primarily of a conversion of wetlands with extended peat soils into highly productive agricultural lands. We used the ''Lokal-Modell'' of the Consortium for Small-Scale Modeling to conduct several 1-monthlong high-resolution simulations (1.5 Â 1.5 km 2 ) with present and past landscape conditions. The past land use was reconstructed from historical maps (1800-1850) over a relatively small perturbed area of %400 km 2 embedded in an otherwise unchanged present-day landscape. The documented changes in land use and land cover lead to a daytime cooling of up to 0.3°C and a nocturnal warming of the same magnitude, thereby decreasing the diurnal temperature range by 0.6°C. The alteration of the radiation budget and the surface energy balance leads to a shallower daytime mixed layer under present compared to past conditions, with a reduction in the convective upward transport of moisture. The cloud coverage over the study area decreased by up to 5% on average under present conditions. The regional precipitation is most strongly affected in the mean downwind areas and not so much over the area of land use changes. Because of orographic effects in the downwind area a decrease in precipitation in lower-elevation areas was modeled, while precipitation in the adjacent higher-elevation downwind areas increased. In contrast to our expectations the soil water status did not play a dominant role in this area because of the high water table. Even under present conditions the availability of soil moisture and the accessibility of the groundwater to plant roots is, on average, still not a limiting factor for plant transpiration. Citation: Schneider, N., and W. Eugster (2005), Historical land use changes and mesoscale summer climate on the Swiss Plateau,
Introduction
[2] Drainage of wetlands has played an important role in the evolution and development of agriculture in European countries. Drainage areas in Europe comprise low-lying areas, which in former times consisted of vast stretches of marshes, fens, peat, washes and areas which were often inundated by floods.
[3] Although regulation and drainage of wetlands therefore have been common practice in many European countries for centuries, intervention has increased over the past 50 -100 years. About two thirds of the European wetlands that existed 100 years ago have been lost [Commission of the European Communities, 1995] leading to a substantial decrease in the number, size, and quality of large bogs and marshes, and small or shallow lakes. The trend continues, albeit more slowly [European Environment Agency, 2000] .
[4] The drainage of the wetlands has not only changed the visual landscape, but has also caused major modifications of the properties of the land surface. Since the land surface is an important part of the climate system as a source of moisture and energy for the atmosphere, these drastic modifications of the land surface due to the drainage are likely to cause significant changes in the atmosphere. However, knowledge about the impact of this kind of landscape changes on weather and climate is still very limited, especially on the scales that are most relevant for the local people, especially for farmers.
[5] Venäläinen et al. [1999] reported on the influence of peatland draining on the local climate. They found a drop in local nighttime minimum temperatures in summer of up to 10°C, mainly caused by the change in the soil heat flux. However, they only used a one-dimensional model and thus were not able to address the spatial extent of the expected feedbacks on the local and regional scales. Mölders [1999a] investigated the impact of drainage of marshes and water meadows on the local atmospheric water cycle, using a domain of 72 Â 96 km 2 and a grid JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, D19102, doi:10.1029 /2004JD005215, 2005 Copyright 2005 by the American Geophysical Union. 0148-0227/05/2004JD005215$09.00 mesh size of 3 Â 3 km 2 with a subgrid of 1 Â 1 km 2 for the land use. Her results indicate that landscape modifications affected the stability, the water supply to the atmosphere, cloud and precipitation physics during a typical summer day. Pielke et al. [1999] examined the influence of historical anthropogenic land use changes in south Florida on weather, focussing on precipitation. In south Florida, parts of the Everglades were transformed into urban and agricultural land, and into shrubby grassland, thereby leading to a decrease in precipitation. In a later study by Marshall et al. [2004] , changes in the structure and strength of climatologically persistent, surface-forced mesoscale circulations were found. Furthermore, they could show that due to the land use changes on the Florida Peninsula, the spatial distribution of convective rainfall totals over the peninsula was altered. Recently, Schneider et al. [2004] could show that the historical land use changes on the Swiss Plateau lowered the daily average temperature during clear-sky conditions in summer. Other important studies, although not necessarily with the same type of land use changes as we focus on here, were performed by Avissar and Pan [2000] , Eastman et al. [2001] , Giorgi et al. [2003] , Kim and Lee [2003] , Narisma and Pitman [2003] , and Weaver [2004a Weaver [ , 2004b .
[6] In our study, we used a limited area atmospheric prediction model to study the impact of the historical land use and land cover changes that occurred on the Swiss Plateau on the local and regional summer climate. Here regional refers to an area of !10 4 km 2 [see also Findell and Eltahir, 2003a; Kustas et al., 2003; Cleugh et al., 2004] . Most of the landscape modifications occurred in the late 19th and early 20th century after a civil engineering project was started to drain the wetlands on the Swiss Plateau. The historical land use and land cover changes on the Swiss Plateau therefore represent a typical example of landscape modifications that occurred in many other industrialized countries during the last few centuries [see also Galler et al., 2003] .
[7] Regarding the assessment of the impacts of the drainage of marshes and peatland on the climate, our study differs from the ones previously listed in some important aspects. In contrast to the restrictions imposed by only a few days considered in these earlier studies, we carried out several simulations of 1-month length which allow for a climatologically more relevant assessment of land use change effects on local to regional scales. The size of the model domain was defined large enough to include the Jura mountain range in the northwest and the Alps in the southeast, which channel the atmospheric flow in this region [see Wanner and Furger, 1990] .
Model, Study Area, and Data
[8] For the numerical experiments we used version 3.2 of the limited area atmospheric prediction model ''LokalModell'' (LM) of the Consortium for Small-Scale Modeling (COSMO). The LM is operationally used by several national meteorological services in Europe which are members of COSMO. It is explicitly designed for numerical weather prediction as well as scientific applications on the meso-g and meso-b scale, i.e., it is able to cover all horizontal grid cell resolutions from 500 m to 50 km.
[9] Three 1-month-long simulations for the Julys 1998-2000 were produced using the physical properties of the surface and the soil according to the present land use. Therefore these simulations could be validated against independent observational data which were not used to drive the model in order to assess the model's ability to reproduce the regional climate.
[10] Then, we repeated these simulations, accounting for the historical conditions around year 1850. Inside the perturbed area soil and surface properties were prescribed based on our reconstructed land use in the area of direct land use changes. Synoptic atmospheric conditions and land use outside the perturbed area were not changed. The ensemble averages of the present and past simulations are hereafter referred to as PRES and PAST, respectively.
[11] Finally, two additional 1-month-long sensitivity experiments using artificial landscapes were carried out for July 1998. In the first sensitivity experiment, only the soil properties including soil moisture were set to past conditions (hereafter SOIL) whereas in the second sensitivity experiment, only the surface properties including vegetation were set to past conditions (hereafter COVER). Obviously, these sensitivity experiments are of a purely academic interest, but are important for an enhanced understanding of the processes at the soil-surface-atmosphere interface that govern local and regional climate change.
[12] Similar to the study by Baidya Roy et al.
[2003] who investigated the impact of historical land cover change on the July climate of the United States, the simulations for the past conditions are not supposed to reflect the observed historical climate as the model was initialized and driven by present-day atmospheric conditions. This approach was chosen in order to be able to attribute atmospheric changes to the historical landscape changes since all extrinsic effects, external forcings such as the radiative forcing by greenhouse gases, and the solar flux could be kept unchanged for all simulations compared. Thus the land use outside the area of direct landscape modifications due to the drainage of the wetlands was also kept constant, i.e., present land use was assumed here for all simulations.
Model Description and Setup
[13] A detailed description of the LM is given by Doms and Schättler [2002] , Schraff and Hess [2003] , Steppeler et al. [2002] and G. Doms et al. (A Description of the nonhydrostatic regional model LM. Part II: Physical parameterization, unpublished manuscript, 2005). The LM is based on the first principles of the hydrothermodynamic equations describing fully compressible nonhydrostatic flow in a moist atmosphere without any scale approximations. In order to reduce numerical errors associated with the calculation of the pressure gradient force in case of sloping vertical layers, a hydrostatic base state at rest is subtracted from the equations. Time integration is done by a two time level second-order Runge-Kutta split explicit scheme [Wicker and Skamarock, 1998] . A prognostic turbulent kinetic energy closure at level 2.5 corresponding to the hierarchy of Mellor and Yamada [1974] including effects from subgridscale condensation and from thermal circulations was used. The surface layer scheme is based on turbulent kinetic energy including a laminar turbulent roughness layer [Raschendorfer, 2001] . For the grid-scale precipitation for-mation, a bulk microphysics parameterization including water vapor, cloud water, rain and snow with equilibrium for the precipitating phase was used [Steppeler et al., 2002] . In all simulations carried out in this study, no convection parameterization was applied since deep moist convection and the associated feedback mechanisms with the larger scale of motion are resolved explicitly due to the very high resolution. The heating rate due to radiation was calculated with a d two-stream radiation scheme after Ritter and Geleyn [1992] for shortwave and longwave fluxes employing three shortwave and five longwave spectral intervals.
[14] Rotated geographical coordinates are used in the horizontal while the vertical coordinates consist of a hybrid system which switches from z coordinates in the upper part of the model domain to height-based Gal-Chen type coordinates near the surface. The complex topography was smoothed with the implicit filter of Raymond [1988] , using the filter parameter e = 100. The purpose of this filter is to reduce gravity waves and to prevent an unrealistic fragmentation of the precipitation field [see Steppeler et al., 2002] .
[15] The ground temperature was calculated by the equation of heat conduction which is solved in an optimized two-layer model using the extended force-restore method [Heise, 1996; Damrath et al., 2000] . The prediction of the soil water content is calculated from appropriate budget relationships using three layers with thicknesses of 2, 8, and 90 cm, respectively (TERRA soil module, adapted from Dickinson [1984] and further developed by Jacobsen and Heise [1982] ). A zero-flux boundary condition for soil moisture is therefore used at 1 m depth. Mdaghri-Alaoui and Eugster [2001] found that the zero-flux plane at Neuchâtel (see Figure 1 for location) is at 0.7 m depth. Between 0.8 and 2.4 m depth they did not find any direct influence of precipitation events on soil moisture conditions at this depth during the summer months. According to the prevailing soil type (out of 10 types), parameters describing the soil heat budget (heat capacity, heat conductivity, solar albedo as a function of soil water content), the soil water budget (pore volume, field capacity, air dryness point, minimum infiltration rate, hydraulic conductivity and diffusivity), and the vegetation (plant wilting point) are prescribed. Vegetation is further parameterized by the fractional plant coverage, the leaf area index, and the root depth. In addition to the operational version, the LM used in our study was modified to allow for a spatially variable vegetation albedo. The vegetation albedo is now read as an additional external parameter field at model start.
[16] The calculation of surface evapotranspiration includes the formation of dew and rime, evaporation from snow covered surfaces, evaporation from the interception storage, bare soil evaporation from the uppermost soil layer for the unvegetated fraction of the soil, and transpiration from all soil layers for the vegetated fraction of the soil. The bare soil evaporation is calculated after the work of Dickinson [1984] . The calculation of the plant transpiration is also based on the work of Dickinson [1984] , but simplified by neglecting the water and energy transports between the soil and the plant canopy, thus implicitly assuming the same temperature for the ground and the foliage. This leads to a Monteith [1981] combination formula for the computation of plant transpiration.
[17] The model domain amply comprises Western Switzerland and parts of France, extending over approximately 200 Â 160 km 2 (Figure 1 ). The horizontal grid resolution is %1.5 km Â 1.5 km. 45 vertical layers are used, reaching a height of more than 23 km. In order to adequately resolve vertical structures in the boundary layer, the lowest 2 km of the atmosphere are represented with at least 18 layers. All simulations were run with a time step of 10 s and output was produced every hour. The first day of these simulations was not used for validation and analysis purposes in order to allow the model to spin up.
[18] In a first step, LM runs for a larger domain (441 Â 357 km 2 , including western France, northern Italy, southern Germany, and eastern Austria) with a coarser resolution (7 km mesh size) were performed for all three Julys considered. This larger domain was nested (one-way nesting) into 3-hourly ECMWF operational 4DVAR analysis data. In a second step, the high-resolution LM simulations (1.5 km mesh size) were then nested (one-way nesting) into these coarse-resolution LM simulations, i.e., the initial state and 1-hourly boundary fields of the atmosphere and the soil were obtained from the coarse-resolution LM simulations. Soil moisture in the high-resolution LM simulations for past conditions was treated as follows. First, the 1.5 km resolution soil moisture field was derived in the same way as for the present conditions. Second, all grid cells with altered soils were assigned the corresponding properties (i.e., water holding capacity) and soil moisture in order to account for the former peat soils with generally higher water contents. The initial boundary conditions of all other variables were kept the same for past and present land use. Because of the important topographical features (Alps, Jura mountains) in the high-resolution model domain, a step change from 7 km to 1.5 km was adequate to have the basic topography already present in the coarser 7 km model. The spatial resolution of the inner model was chosen in a way to optimize the trade-off between improvements in local wind field and circulation and extent of the model domain as suggested by Jones et al. [1995] .
Study Area, Land Use, and Soil Data
[19] The actual study area is defined as the area where the landscape was modified in the course of the drainage of the wetlands. It is located on the Swiss Plateau, north west of the center of the model domain ( Figure 1 ) and comprises three major lakes. Until the middle of the 19th century, the plains around the three lakes were frequently inundated and marsh lands were dominant. A blanket peat-bog area of approximately 400 km 2 existed in the central area between the three lakes. In 1868, the leveeing and draining of the formerly marshy and frequently inundated plains had started. Subsequent to the adjustment of the lake and river system which lowered the mean levels of the three lakes by 2.5 m, the large bog area between the three lakes was converted into intensively used agricultural land. At present, the region is one of the most important and productive agricultural areas in Switzerland. A more detailed description of the current land use and soils in the study area is given by Schneider et al. [2004] .
[20] The data on present land use types in the model domain are composed of Swiss National Land Census data collected between 1992 and 1997 and the USGS Global Land Cover Characteristics Database Version 2.0 with the IGBP Land Cover Legend [Loveland et al., 2000] for the part outside Switzerland. Both data sets were aggregated to a resolution of 1.5 km Â 1.5 km using the dominance approach.
[21] Historical maps (scales 1:10,000 to 1:100,000 depending on availability) originating from the period 1800-1850 were digitized and served as a base for the reconstruction of the historical land use in the area with direct modifications due to the drainage of the wetlands [Schichler, 2002] . The past and present land use in the whole model domain was represented with 24 land use classes, of which 10 occurred in the study area where the historical land use was reconstructed. Four out of these 10 classes occurred in both the past and the present landscape. Three land use classes existed only under present land use conditions (e.g., road, rail, and airport), whereas the remaining three land use classes out of the 10 classes that existed in the study area could only be identified for the historical land use (arable land, meadow (wet), and riparian zone, gravel; see Table 1 ). Finally, the parameters describing the vegetation (albedo, leaf area index, fractional plant coverage, root depth) and the surface roughness were assigned to the specific land use type via the use of a lookup table (Table 1) .
[22] The present soil types used in the LM were derived from Swiss National Land Census data on the suitability of the soils for agricultural use. The soil texture information was best suited to determine the present soil type required by our model. For past conditions, the soil type had to be derived from the dominant land use type due to the lack of high-quality soil information from the 19th century. This approach assumes that soil properties and vegetation and hence the type of land use are strongly correlated. This approach is supported by the fact that the soils and the vegetation in the study area evolved over several hundred years without being significantly affected by intensive agricultural use. Thus an equilibrium between soil properties and land use type describing the vegetation may be a realistic assumption [Eagleson, 1982] . [Dickinson, 1984; Oke, 1987; Pielke and Avissar, 1990; Jackson et al., 1996; Mölders and Raabe, 1996; Tang and Miao, 1998; Mölders, 1999b Mölders, , 2000 Breuer et al., 2003 ].
b PR, present land use; PA, past land use.
[23] Figure 2 shows the present and the past land use and the changes (PRES -PAST) in the most important parameters describing the surface roughness, the vegetation, and the soil. The changes in the land use types show a transition from a rather heterogeneous past land cover which was dominated by bog and wet meadows to a rather homogeneous present land use with predominantly agriculturally used meadows and croplands. Additionally, a reduction in the forested areas is documented. The most important land use changes are from bog to meadows or crops (34%), from wet meadows to agriculturally used meadows and crops (22%), and deforestation (14%). The replacement of bog areas with the present land use resulted in a moderate decrease in the roughness length and the plant root depth and an increase in the vegetation albedo. The same change in land use also lead to distinctly altered soil properties, indicated by a higher present soil heat capacity and a lower present pore volume. The replacement of bog and wet meadows by meadows or crops mainly increased the leaf area index of the vegetation and the vegetation albedo, whereas the reduction in forested areas mainly decreased the surface roughness, the leaf area index, and the plant root depth.
Results

Validation
[24] In order to evaluate the model performance under the current setup with a very high horizontal resolution, the simulated air temperature and mixing ratio at 2 m height, the precipitation rate, and the wind speed and wind Figure 1 ). All station measurements were averaged, thus creating a regionally relevant signal. In order to be able to compare the simulated values with the averaged observations, the values of the grid cells corresponding to the station locations were averaged as well.
[25] Figure 3 shows the comparison of the averaged observed and simulated values for the simulation with present soil and surface conditions for July 1998. Additionally, in Figure 4 the model output is compared with a single site, Payerne, which is located inside the perturbed domain near its southern border (see Figure 1) . Overall, the model reproduces the regional atmospheric conditions very well. Regarding the air temperature, both extreme values and thus the daily amplitude as well as temperature changes over several days due to the changing synoptic weather conditions are nicely captured (root mean squared error RMSE = 1.6°C). Similarly, the near surface wind, the daily amplitudes and their synoptically induced changes are adequately reproduced (wind speed: RMSE = 0.5 m s
À1
; wind direction: RMSE = 29°). The mixing ratio (RMSE = 0.7 g kg À1 ) is simulated with a somewhat lower skill than temperature and wind. On a few days, too large daily amplitudes of the mixing ratio are simulated. However, the model is still able to capture most of the diurnal variations as well as the day-to-day changes. Finally, the simulated precipitation agrees well with the observed precipitation. Although no convection parameterization was applied, the model is able to correctly predict both convective and larger-scale rainfall events. This indicates that most of the convection is explicitly resolved on the small grid scale used in this study. The comparison of the model results with station measurements ( Figure 3 ) therefore shows an adequate model performance for the purpose of this study.
Radiation Budget and Surface Energy Budget Changes
[26] The exchange of energy and water vapor at the surface plays a crucial role for the climate. The predominant part of the incoming solar energy is absorbed at the surface and converted into heat fluxes. Therefore changes in the radiation budget and the surface energy budget (SEB) often induce changes in the atmospheric conditions.
[27] The changes in the landscape properties of the study area distinctly affected the radiation budget components. Figure 5 shows the changes in the mean diurnal cycles of the incoming and reflected shortwave radiation, the net shortwave radiation, and the net radiation averaged over the study area. The ensemble averaged differences between the present and the past conditions (PRES -PAST) reveal a daytime increase in the incoming shortwave radiation of up to 20 W m À2 . Given the fact that the incoming shortwave radiation received at the top of the model domain for present and past simulations is identical, this Figure 5 . Differences in the mean diurnal cycles of the incoming and reflected shortwave radiation, the net shortwave radiation, and the net radiation averaged over the area of land use changes. PRES -PAST is the ensemble averaged difference of all simulations with present and past land use (Julys 1998 (Julys -2000 . The shaded area gives the range of the differences of the individual ensemble members. The differences for the sensitivity experiments (COVER, SOIL) are for July 1998 only. Radiation fluxes to the surface are positive, while radiation fluxes from the surface are negative. K in , incoming shortwave radiation; K out , reflected shortwave radiation; K net , net shortwave radiation; R net , net radiation. increase results only from the decrease in atmospheric radiation absorption and backscattering in the shortwave range by atmospheric water since the effects of other absorbers (CO 2 , O 3 , aerosol) were kept constant. The reflected shortwave radiation shows a maximum increase of about 35 W m À2 which can be fully explained by the increase in the average total albedo in the study area from 0.175 (past) to 0.21 (present). This can also be seen when regarding the differences between the present simulation and the sensitivity simulations: similar differences in the shortwave radiation components were reproduced with the sensitivity experiment that included a change in the land cover and thus the albedo (COVER). When only the soil properties were set to past conditions (PRES -SOIL), the impact on the shortwave radiation was comparatively small. The resulting difference (PRES -PAST) in the net shortwave radiation is up to À15 W m À2 and very similar to the change in the net radiation (À17 W m À2 ). Thus the solar terms are the dominant components in this budget during daytime as changes in the net longwave radiation only contributed little to the changes in net radiation. In general, differences in the radiation budget result from the differences in the albedo and here mainly from the vegetation albedo, whereas changes in the soil properties have only a subordinate influence.
[28] As the net radiation is not only the result of the radiation budget but is also the basic input to the SEB, changes in the net radiation will affect the individual components of the SEB. Through the reduction of the net radiation, less energy is dissipated in the form of heat (latent and sensible heat flux, QE and QH, and ground heat flux, QG). However, changes in the SEB components are not only affected by the changes in net radiation, but also by changes in the processes that partition the net radiation between QE, QH, and QG. The partitioning of available energy into latent and sensible heat fluxes plays a key role in the land surface energy budget as the boundary layer structure, including its depth, is directly influenced by the surface heat and moisture fluxes . Therefore changes in the net radiation and the Bowen ratio (BR = QH/QE) may have a considerable impact on the convective situation in the study area.
[29] Figure 6 shows the changes in the diurnal cycles of the sensible, latent, and ground heat flux as well as the Bowen ratio, averaged over the area of land use changes. The sensible and latent heat fluxes are both lower under present than past conditions due to lower net radiation during the day, whereas the ground heat flux increased. The daytime QH decreased by up to 28 W m À2 whereas the daytime QE is only up to 10 W m À2 lower nowadays. The total sum of turbulent heat fluxes into the atmosphere (QH + QE) decreased by up to 33 W m À2 . Through the stronger decrease in QH, an altered partitioning between sensible and latent heat flux during the day occurred, resulting in a lower present daytime Bowen ratio. Finally, the present downward ground heat flux during the day is up to 18 W m À2 higher compared to the past conditions.
[30] Figure 7 gives the differences in the net radiation, the sum of the turbulent heat fluxes, and the soil heat flux around noon. The differences in the net radiation reflect the changes in the albedo which increased over most of the study area (see Figure 2 ). The differences in the sum of the turbulent heat fluxes and the soil heat flux show an inverse picture. In those parts of the study area where the soil heat flux is nowadays larger than in the past, the turbulent heat fluxes decreased.
[31] No water stress conditions were modeled for the vegetation due to the still high water availability in the present soils. In this case, the evaporation does not primarily depend on soil moisture controls on the stomatal opening of leaves, which is documented by the fact that evaporation efficiency still reaches its maximum value. This finding is also consistent with that of Smith et al. [1992] , who could show that above a soil moisture threshold of 25% by mass, the evaporative fraction defined as the ratio between evaporation (QE) and available energy (= net radiation -QG) was nearly constant. In our study area, the soil moisture is above that threshold also for present conditions. Furthermore, Stewart and Verma [1992] found that the evaporative fraction is also insensitive to the leaf area index above that threshold. Thus, although the leaf area index (LAI) is nowadays higher (DLAI = +0.98 m 2 m À2 ), QE did not increase. It is therefore more a question of how the altered soil and surface properties influence the available heating than it is how these factors affect the partitioning into sensible and latent heat exchange. Thus the decrease in QE is explained by the decrease in available energy which depends on the changes in net radiation and the ground heat flux compared to past conditions.
[32] During the night, changes in QE are negligible, while QH increased by about 5 W m
À2
, resulting in a higher nocturnal Bowen ratio. The nighttime upward ground heat flux is nowadays about 5 W m À2 higher than in the past, indicating warmer ground conditions at present.
[33] From our sensitivity experiments for July 1998, we gained important additional information on the energy exchange at the soil surface-atmosphere interface. The SOIL experiment allows for changes in soil properties compared with present conditions. It can be seen from Figure 6 (PRES -SOIL curves) that with the present soils, both the daytime downward ground heat flux and the nighttime upward ground heat flux are higher than with the past soils. This can be explained by the higher soil thermal conductivity l (Dl = +0.39 W K À1 m
À1
) and the lower soil heat capacity c p (Dc p = À0.26 10 6 J K À1 m À3 ) of the present soils, which are physically more similar to mineral soils than the high organic peat soils that dominated in the past. At present, more heat is therefore transferred to the lower parts of the soil and less heat is concentrated in the uppermost soil layer during the day, resulting in distinctly lower soil temperatures at the surface and with a time shift of about 3 hours also at 9 cm below the surface (Figures 8c and 8d) . In contrast to the daytime situation, the nowadays persistently higher upward ground heat flux during the night leads to warmer soil temperatures at the surface and at 9 cm below the surface. These changes in the soil temperature are reflected by the changes (PRES -SOIL) in QH, especially during the day when the nowadays cooler surface temperature leads to a distinctly lower QH compared to the past situation. In contrast to the decrease in QH, the latent heat flux is nowadays higher than in the SOIL experiment. The decrease in QH and the moderate increase in QE finally led to an altered partitioning of the surface heat fluxes in favor for QE.
[34] The difference between the present situation and the COVER sensitivity experiment (PRES -COVER) describes the changes that are due to changes in the surface and vegetation properties only. As could be seen in Figure 5 , the net radiation in the PRES case is clearly lower than in the COVER case due to the higher present average albedo. As a response to the lower net radiation, both QH and QE are lower in PRES than in COVER, though not altering the energy partitioning of the turbulent heat fluxes. The sensitivity experiment COVER also supports the previous finding that QE did not increase although the LAI is nowadays higher. However, the sum of the turbulent heat fluxes in PRES is up to 25 W m À2 lower than in COVER whereas the net radiation in PRES is only up to 20 W m À2 lower than in COVER. Thus the decrease in the turbulent heat fluxes cannot be fully explained by the decrease in net radiation. The enhanced reduction of the turbulent heat fluxes in PRES compared to COVER is caused by the lower present surface roughness length (Dz 0 = À0.34 m). Because of this lower roughness, the aerodynamic resistance is higher which causes energy exchange processes to proceed slower. The decreased dissipation of available energy at the surface in the form of turbulent heat fluxes in the PRES experiment results in warmer ground conditions and consequently in a higher ground heat flux.
[35] An important conclusion from the analysis of the sensitivity experiments is that the changes in the radiation budget were induced by the changes in the surface properties (albedo) whereas the energy partitioning is controlled by the soil properties (Figure 6d ). Here the higher thermal conductivity of the present soils leads to a further reduction of the available energy for heat exchange whereas evapotranspiration can proceed on a similarly high level due to the still abundant soil moisture.
Temperature and Humidity
[36] The changes in the radiation budget and the SEB consequently also affected the near-surface temperature and Figure 8 . Differences in the mean diurnal cycles averaged over the area of land use changes of (a) the air temperature (T) at 2 m, (b) the mixing ratio (r) at 2 m, (c) the surface temperature (TS), and (d) the soil temperature at 9 cm (TM). PRES -PAST is the ensemble averaged difference of all simulations with present and past land use (Julys 1998 (Julys -2000 . The shaded area gives the range of the differences of the individual ensemble members. The differences for the sensitivity experiments (COVER, SOIL) are for July 1998 only.
humidity. These changes in the lowest part of the atmosphere are of special interest for the human perception of the impact of land use changes on climate, but also for agriculture. In contrast to the rather small changes in mean monthly air temperatures (not shown), the changes in the mean diurnal cycle of the temperature are much more pronounced. During the day, the air temperature averaged over the entire study area decreased by as much as 0.3°C whereas during the night, a rise in air temperature of 0.3°C was simulated (Figure 8a ). The mean diurnal temperature range therefore decreased by 0.6°C. This corresponds with our current understanding of how peat bogs influence local climate in the high latitudes [see Eugster et al., 2000] . The results from the sensitivity experiments show that the daytime decrease in air temperature was adequately reproduced when only the soil properties were changed, whereas the nocturnal rise of air temperature was a combined effect of the altered soil and surface properties. In areas where bog was replaced by meadows or crops, the daytime decrease in air temperature (Figure 9 ) and the nighttime increase in air temperature were even stronger (not shown), resulting in a decline of the diurnal temperature range by 1.3°C. In deforested areas, the daytime temperature increased (Figure 9 ), which is due to the altered partitioning of the turbulent heat fluxes in favor for sensible heat.
[37] The increase in albedo proved to be the most important factor affecting the radiation budget and the SEB, and therefore the near-surface air temperature in the COVER experiment. Thus changes in other parameters than albedo (leaf area index, roughness length, plant root depth, fractional plant coverage) which are also included in COVER, only played a minor role. In comparison to the COVER experiment, the present daytime temperature is only up to 0.1°C lower, whereas the present nighttime temperature is up to 0.15°C higher (Figure 8a ). Therefore the decrease in the diurnal temperature range is 0.25°C (PRES -COVER), which is only about half of the decrease that was simulated when changes in the soil properties were also included (PRES -PAST).
[38] The differences in the near-surface humidity (Figure 8b ) are most pronounced during the day, with a maximum increase in the mean diurnal cycle of the mixing ratio of 0.15 g kg À1 averaged over the study area. The daytime increase in the mixing ratio was simulated over the entire study area except for deforested areas, where the mixing ratio decreased by up to 1.4 g kg À1 (Figure 9 ) due to the altered partitioning. The mean monthly near-surface mixing ratio remained virtually unchanged (not shown).
[39] The land use changes in the study area did not only affect the temperature and humidity in the lowest few meters of the atmosphere. Temperature and humidity changes also extend over several hundreds of meters above the study area. Figure 10 shows the mean daytime and nocturnal changes (PRES -PAST) in the vertical profiles of the air temperature, the mixing ratio, and the equivalent potential temperature (q e ) above the study area. During the day, negative temperature differences in the convective mixed layer exist up to a height of approximately 650 m above ground level (agl) whereas during the night, the positive temperature changes are mainly constrained to the lowest 200 m agl in the stable nocturnal surface layer.
[40] In contrast to the temperature changes, relevant differences in the humidity of the air only occurred during the daytime phase of active transpiration. Figure 10b shows a surplus in moisture near the surface and a maximum deficit in moisture at a height of about 650 m agl, the same height up to which temperature differences were simulated. Above that, weak negative differences in the mixing ratio remain up to a height of approximately 2000 m agl.
[41] During the night, the very weak negative differences in the mixing ratio result from the dryer air masses that existed in the mixed layer during the day which remain in the nocturnal residual layer.
[42] Similar to the changes in humidity, the largest daytime decrease in q e occurs at a height of 650 m agl. However, negative noon time differences were simulated from the ground up to a height of approximately 2000 m agl. The nocturnal changes in q e are, similar to the temperature changes, limited to the lowest 200 m agl. From the comparison of the three profiles presented above, it can be seen that low-level changes in q e are mainly due to temperature changes whereas in higher altitudes, the reduced q e is ).
caused by the negative differences in the moisture content compared to past conditions.
Convection, Cloud Coverage, and Precipitation
[43] In order to assess the impact of the land use changes on the convective activity in the study area and the adjacent parts of the model domain, the daytime mixed layer height, z i , and the daytime convective velocity scale, w * , were diagnostically calculated. The mixed layer height was determined as the height above ground where the local gradient Richardson number Ri [Stull, 1988] equals the critical Richardson number Ri c . This corresponds to the height where the transition from turbulent to laminar flow occurs. In this study, Ri c was set to 0.38 following the given choice of constants and length scales in the turbulence scheme and empirical validation [see Fay et al., 1997] . The daytime mixed layer height was then used to calculate w * according to Stull [1988] :
where w 0 q 0 v is the kinematic vertical turbulent flux of virtual potential temperature near the surface.
[44] Regarding the daytime differences (PRES -PAST) in the convective velocity scale averaged over the Julys 1998-2000 (Figure 11a ), it can be seen that w * declined over most of the study area. The largest decrease in w * occurred where the blanket peat bog disappeared. Therefore a reduced buoyancy and hence less convective thermals was simulated for the present conditions. As a consequence of the reduced buoyancy at the surface, the mixed layer over the study area is nowadays up to 120 m shallower than in the past (Figure 11b) .
[45] Figure 11c shows the mean daytime differences (PRES -PAST) in the cloud coverage averaged over the Julys 1998 -2000. The average daytime cloud coverage is now up to 5% lower than in the past. Again, the largest differences were simulated where bog was lost. The differences in the cloud coverage were simulated in the lowest atmospheric layer up to 800 hPa, whereas above that the changes in the cloud coverage were negligible (not shown).
[46] The differences (PRES -PAST) in the mean monthly precipitation averaged over the Julys 1998-2000 are shown in Figure 11d . In the model domain, the maximum increase was 18.2 mm (16.7%), whereas the maximum decrease was 32.0 mm (24.2%) per month. In general, differences in precipitation were most pronounced during days with a strong convective activity when heavy showers or thunderstorms occurred. During days with mainly synoptically induced rainfall, the differences in precipitation were small, thus indicating that the landscape changes affected primarily Figure 10 . Differences in the mean daytime and nocturnal vertical profiles above the area of land use changes of (a) the air temperature (T), (b) the mixing ratio (r), and (c) the equivalent potential temperature (q e ). The shaded areas give the range of changes (PRES -PAST) of all Julys 1998-2000. Light shaded areas indicate daytime changes (average from 11 to 14 CET), whereas dark shaded areas denote nocturnal changes (average from 3 to 6 CET). the local convective cycles, but were not large enough to distinctly influence synoptic-scale rainfall.
[47] Considering the precipitation changes, two regions must be distinguished. First, north west of the study area, the differences in rainfall sums mainly result from three heavy thunderstorms events over the Jura mountains and adjacent areas. Here no clear pattern of precipitation changes can be identified. Second, the rainfall differences to the west and south of the study area exhibit a rather clear pattern of reduced precipitation in a colline and montane belt (between green lines A and B in Figure 11d ) near the study area and increased precipitation in a more remote subalpine and alpine belt (between green lines B and C in Figure 11d ). Regarding the precipitation decrease in the belt adjacent to the study area, the largest differences can be found in those areas that are known to be of importance for the generation of thunderstorms [e.g., Schiesser et al., 1995] . At last, the highest mountain range in the model domain (up to 3800 m above sea level (asl) in the smoothed topography) north of the Rhone valley forms the southern limit for precipitation changes due to the land use changes.
Discussion
[48] This study demonstrates the sensitivity of the summer climate on the Swiss Plateau and adjacent regions to the historical land use changes in this area. The modifications in the vegetation and soil properties due to the land use and land cover changes led to altered forcings of the local to regional climate system. Within the climate system, the interaction processes at the soil-vegetation-atmosphere interface are of greatest importance. Several mechanisms with positive or negative feedback loops that interact with each other govern these interaction processes. In our study, it could be seen that once the surface energy budget is modified, fluxes of heat and moisture into the boundary layer are directly affected. Figure 12 schematically depicts the modifications of these interaction processes in the study area and the implications for the local to regional climate system, which are discussed in the following.
[49] Replacement of the wetland vegetation and forests by crops and meadows increased the albedo, thereby reducing the shortwave energy absorbed at the surface and thus making less heat available for QG, QH, and QE ( Figure 12 ). In contrast to the work of Eltahir [1998] , where changes in the surface albedo due to soil moisture changes are investigated, the main reason for the nowadays higher albedo in the study area is the altered agricultural vegetation cover. The resulting reduction of the sensible heat flux from the surface causes a relative cooling inside the mixed layer (Figures 10a and 12) . However, a decrease in QH not only affects the air temperature. For example, Schrieber et al. [1996] and Rabin et al. [1990] discussed how cumulus cloud base height is directly related to surface heat and moisture fluxes, as modulated by the characteristics of the Kopp [1990] demonstrated that the size of thermals generated from surface heating are a function of z i , QH, and height within the boundary layer. The rate of growth of the boundary layer during the day, and the entrainment of free atmospheric air into the boundary layer, are therefore both dependent on QH.
[50] The reduced surface sensible heat flux generated weaker buoyancy at the land surface and therefore a lower turbulent kinetic energy of the mixed layer. As the turbulent kinetic energy of the mixed layer allows it to grow by turbulent entrainment against static stability at the mixed layer top, the lower QH at the surface also led to the buildup of a shallower daytime mixed layer (Figures 11b and 12 ). This is in agreement with Pielke et al. [1998] and , who showed that the depth of the planetary boundary layer will be shallower if the sensible heat flux is less. Consequently, conditions near the surface should be less buoyant, which is confirmed by the simulated decrease of the convective velocity scale (Figure 11a ).
[51] However, changes in the mixed layer depth over the study area are not solely due to the decrease in QH. The sum of surface QH and QE fluxes, the so-called available energy AE, is a surface source that increases the moist static energy (Figure 12 ) and therefore also the equivalent potential temperature q e [see, e.g., Betts and Ball, 1995] . This Figure 12 . Feedbacks between energy fluxes and relevant components of the climate system in the study area. The climate system (shaded box) experiences forcings caused by the modifications in the vegetation and soil properties due to the land use and land cover changes (two small boxes at the bottom). Here ascending arrows indicate the increase in the albedo and the soil thermal conductivity due to the land use changes, whereas descending arrows denote the decrease in surface roughness and soil heat capacity. Positive feedbacks are indicated with solid lines, and negative feedbacks are indicated with dashed lines.
surface q e flux is proportional to AE, and it is not affected by the partitioning of the heat fluxes between QH and QE as supplying a certain amount of energy to a known volume of air increases both the moist static energy and thus q e by the same amount. With AE having decreased by up to 33 W m À2 , the moist static energy of the lower atmosphere is nowadays lower than in the past. This is in agreement with the simulated reduction of the daytime q e in the lowest 2000 m agl. The vertical distribution of moist static energy determines the degree of atmospheric stability (Figure 12 ). The creation of moist static energy either further moistens the environment or it results in upward mass flows and therefore controls the magnitude of the buoyancy that fuels convection. Here the daytime decrease in moist static energy is on the one hand reflected by a decrease in temperature (À0.2 to À0.4°C, Figure 10a ) and thus also the potential temperature (up to À0.35 K at 600 m asl, Figure 10c ) in the lowest few hundred meters above the surface. On the other hand a less moistened atmosphere (up to À0.15 g kg À1 difference, Figure 10b ) is seen above the layer with a distinct decrease in temperature compared to the past (Figure 12 ). These daytime differences in the vertical distribution of air temperature, moisture, and equivalent potential temperature ( Figure 10 ) indicate a reduced upward transport of moisture under present conditions as the difference in the atmospheric moisture rapidly decreases with height and becomes negative. This moisture surplus near the surface existed in the present simulations compared to the simulations with past conditions although a lower present latent heat flux was simulated. Together with the findings from above, it can thus be concluded that this is an effect of the daytime reduced upward transport of moisture which is most pronounced around midday and not due to an increased source of moisture at the surface. In contrast to the work of Eltahir [2003b, 2003c] , no distinct changes in the triggering of early morning convection in different atmospheric conditions were observed. In their onedimensional simulations the soil moisture was set to either extremely wet (saturated) or extremely dry (20% of saturation) conditions. In our study, the differences between past and present soil moisture conditions in the study area are much smaller since under present conditions the soil moisture availability is still high (see also section 3.2). However, one should be aware that the relative short spin-up time for our monthly simulations may have caused a bias in the model soil moisture conditions under past land use that might be too close to present conditions. Especially for soil moisture conditions, longer runs and longer spin-up times are required to assess this issue in more detail.
[52] According to Betts et al. [1994] and Betts and Ball [1995] , a decreased heating at the surface decreases the entrainment at the top of the mixed layer and therefore decreases the down mixing of low-q e air from above the mixed layer. For this reason, the nowadays lower entrainment enhances q e in the upper part of the mixed layer when compared to past conditions (Figure 12 ). This positive feedback loop is thus only controlled and limited by the negative feedback from the reduced upward transport of moisture from the surface. This is in accordance with the daytime q e profiles presented in Figure 10c , where only marginal differences in q e were simulated in the layer where the daytime entrainment zone occurs (on average 1000 -2000 m agl). These feedback processes lead to a zone of reduced q e in the mixed layer (400 -1000 m agl) with less unstable conditions, and might therefore lead to less convective precipitation.
[53] Another important coupling process in the boundary layer is by cloudiness (Figure 12 ). As a consequence of the reduced present moisture content at a height of 400-1000 m agl, the low-level cloud coverage is also reduced (Figure 11c ). This negatively feeds back upon the solar radiation via a reduction in cloud coverage which reduces the amount of shortwave radiation reflected away by the clouds. Hence the incoming shortwave radiation in the present simulations is up to 20 W m À2 higher, reducing the decline in the net shortwave radiation and thus the net radiation which are caused by the increase in albedo (Figures 5 and 12) . A linear fit of insolation (K in ) as a function of the fractional cloud coverage in % (CC) shows a good relationship, K in (W m À2 ) = 855.9 À 4.0 Á CC, r 2 = 0.66. On the basis of this relationship, a decrease in the cloud coverage by 5% is responsible for the simulated 20 W m À2 increase in insolation.
[54] The changes in convective activity, atmospheric moisture content and hence cloud coverage due to the land use changes finally altered the regional rainfall mechanism. Most of the time, the model domain is under the influence of westerly winds which advect air masses from the study area toward the Alps. Because of the nowadays reduced atmospheric moisture content up to a height of 1000 m agl, more orographical lifting would be needed to produce the same amount of condensed water which can then be precipitated. As the topography has not changed, the air masses are lifted by the same height in the colline and montane areas to the West of the study area, thus decreasing the precipitation amount in these areas. However, when the air masses are further advected toward the Alps, the topographically induced lifting continues, thereby condensing water vapor which is then precipitated. Because of the reduced precipitation in the colline and montane regions, less atmospheric moisture is removed which in turn is now precipitated downstream at higher elevations due to the strong orographic lifting. The land use changes consequently lead to a shift of the precipitation amount toward higher elevations.
[55] Because of the advective processes the impact on the regional precipitation therefore was most strongly in the areas adjacent to the study area and not so much over the area where the land use had changed. For that reason, we did not include precipitation in Figure 12 . Also, soil moisture was not included in Figure 12 as the soil water status did not play an important role in our study. Even under present conditions with drained and ploughed soils the availability of soil moisture and the accessibility of the groundwater to plant roots is on average still not a limiting factor for plant respiration. Similarly, the leaf area index was not included in Figure 12 since above a certain soil moisture threshold, the evaporative fraction is insensitive to the leaf area index (see also section 3.2).
Conclusions
[56] Our numerical simulations showed that the changes in the landscape properties of the study area due to the historical land use changes distinctly affected the mesoscale summer climate on the Swiss Plateau and adjacent regions. Given that we embedded a relatively small perturbed area of approximately 400 km 2 in a present-day landscape, it was not unexpected that the changes in mesoscale climate might be small.
[57] Because of the altered soil and surface properties both the radiation budget and the surface energy balance were modified. Because of the increased albedo the net energy absorbed at the surface decreased by up to 17 W m À2 . The energy available for heat exchange at the surface was further reduced as with the present soils the ground heat flux is higher. During the day, the reduction in sensible heat decreased the monthly mean of the 1-hour averaged air temperature by up to 0.3°C compared to the past. Furthermore, the reduced surface heat fluxes generated weaker buoyancy and a lower turbulent kinetic energy, finally leading to the buildup of a shallower daytime mixed layer at present and a reduced upward transport of moisture. As a consequence of the lower atmospheric moisture content, the average cloud coverage over the study area decreased by up to 5%, thus negatively feeding back on the insolation and therefore reducing the decline in net radiation caused by the increase in albedo. The decline in convective activity and the atmospheric moisture content finally affected the regional rainfall mechanisms, leading to a shift of precipitation to more elevated areas downwind of the study area.
[58] During the night, an increase in the monthly mean of the 1-hour averaged air temperature of 0.3°C was simulated, mainly due to the enhanced upward ground heat flux. The diurnal temperature range therefore decreased by 0.6°C.
[59] Here the combined effect of land use related changes in the surface albedo and soil characteristics yielded a decrease in the diurnal temperature range that was twice the magnitude of the albedo changes alone. Thus it is important to include forcings of land use changes in the scenarios for future climate predictions that are not restricted to changes in the surface albedo, but also include changes in the soil properties. Moreover, a larger domain of the size of a typical low pressure system should be used in order to reduce the dependency of the model results from the prescribed lateral boundary conditions.
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